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SUMMARY 
LEED beam-profile and STM measurements have been used in combination to study the 

ordering of stepped Si( 1 1  1) surfaces misoriented by 4" toward the [ill] direction. LEED 
measurements show that ordering of the surface steps is dependent on the thermal history of the 
sample, but give little clue about the reasons. An initial cleaning at 1250°C followed by slow 
cooling is required to obtain a well-ordered step structure. STM measurements show that 
cleaning at a lower temperature (8SO0C) results in a surface containing highly disordered 
patches which are possibly correlated with residual carbon. These disordered regions evidently 
inhibit step order. STM images of rapidly quenched surfaces show a very different sort of 
disorder consisting of long wavelength (5-10 nm) corrugations of rms vertical amplitude 2 nm. 

INTRODUCTION 
The preparation and cleaning of Si surfaces is the subject of a vast and often contradictory 

literature. Most difficult to assess has been the effect of various cleaning procedures on surface 
smoothness or morphology. The development of LEED beam-profile analysis (Henzler, 1977) 
and the application of reflection high-energy electron microscopy (Osakabe et al., 1980) 
presented the first methods of assessing surface smoothness on an atomic scale. More recently, 
the development of scanning tunnelling microscopy (STM) has opened the possibility of 
measuring the topography of surface defect structure (Binnig & Rohrer, 1987). Finally, low- 
energy electron reflection microscopy has been shown to be a powerful technique for studying 
surface steps, anti-phase domains and kinetic processes of structural transitions (Telieps & 
Bauer, 1985). 

In this work we have used both LEED and STM to study the morphology of vicinal Si( 11 1) 
surfaces following various thermal treatments. Ordinarily, one might expect the structure of a 
vicinal surface to contain an ordered staircase of steps whose separation is determined by the 
angle of misorientation. Si( 11 1) vicinal surfaces show this behaviour only above -850°C (where 
its 7x7 reconstruction disorders) (Mashanov & Ol'shanetskii, 1982). Below this temperature, 
surfaces misoriented toward the [I 101 or the [211] directions phase separate into (1 11) facets 
and regions of high step density (Phaneuf & Williams, 1987; Phaneuf et al., 1988b). Using 
LEED we have found that initial heating at 850-90O0C, a common cleaning procedure for 
Si( 11 I), gives measurably less well ordered step structures on both the uniform and phase 
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separated surfaces compared to heating at 1250°C. Also, LEEDS shows that the formation of 
the phase-separated surface is sensitive to the rate of cooling; to maintain equilibrium the 
cooling rate must be less than about 0*2"C/s. A natural explanation of the thermal sensitivity is 
simply kinetics; low cleaning temperatures do not allow enough surface diffusion for the steps 
to move so that they can come close to an (equilibrium) ordered structure, fast cooling rates do 
not allow enough surface diffusion for the phase separation to occur. Thus one might hypothes- 
ize that the increased disorder is caused by steps trapped in metastable configurations. The 
measured LEED beam profiles cannot be readily interpreted to give the details of the disor- 
dered surface structure necessary to confm this hypothesis. To determine the causes of 
limited step-ordering, direct structural images from STM are therefore desirable. We find that 
these images show that LEED only gives a vague hint of what is actually going on: the disorder 
seems to be caused by large-scale features on the surface, which may be related to carbon 
contamination. 

EXPERIMENTAL 
The samples used were commercial Si( 11 1) wafers of resistivity 0.005-0.020 Q-cm. The 

samples were misoriented by 4f0.5" toward the [211] direction. The samples were cleaned by 
heating in vacuum to temperatures between 850°C and 1280°C. Heating was via radiation and 
electron bombardment from a tungsten coil heater positioned behind the sample. Temperature 
was measured using a disappearing filament pyrometer at temperatures where the Si surface is 
radiant. In some cases a W-5% Re/W-26% Re thermocouple was held against the Si surface 
with a Ta tab and calibrated against the pyrometer. 

Measurements were performed in two ion-pumped ultrahigh vacuum chambers, One 
chamber was used for measurement of LEED beam profiles. It is equipped with a commercial 
four-grid LEED optics which is used for both LEED and Auger electron spectroscopy (AES). 
Beam-profile measurements are made by imaging the LEED pattern onto the silicon intensified 
target of a vidicon tube, as described in more detail elsewhere (Phaneuf & Williams, 1988). The 
instrumental resolution of the system is described by a transfer width (Park et al., 1971) of 
approximately 2x/Ak= 10 nm. 

The second chamber is equipped with a rear-view LEED system that is used for qualitative 
observation of the LEED pattern and for AES. It is also equipped with a rotating-arm STM 
(Demuth et al., 1986) which allows the sample to be moved from the LEED/AES to the STM 
position. Area scans of approximately 50x 50 nm were performed with a vertical resolution of 
0.1 nm and a lateral resolution of 1 nm. 

RESULTS AND DISCUSSION 
As reported previously (Mashanov & Ol'shanetskii, 1982; Ishikawa et al., 1985; Akinci et 

al., 1988), the formation of a well-ordered step array of vicinal Si( 11 1) requires annealing to 
1250°C. This can be observed most readily by measuring the LEED beam profiles above 
-850°C where the structure contains a uniformly spaced array of steps. Such a measurement is 
shown in Fig. 1 at an out-of-phase condition for the specular beam. The profiles were measured 
at 880°C following heating to maximum temperatures between 880"Cand 1280°C. One measure 
of the degree of order of a step array is the resolution of the split beam at an out-of-phase 
condition (Pukite et al., 1985). A broad distribution of step-step separations results in 
broadened beams and an increased intensity between the beams. Following cleaning at 880°C 
and 1060°C the relative intensity between the beams is approximately 1/2. After a 1280°C 
cleaning, the relative central intensity drops to approximately 1/4. In addition, the width of the 
beams decreases by approximately 15% following the high temperature anneal. This is a clear 
indication of improved ordering following a higher temperature cleaning. A quantitative 
analysis of this result in terms of the step structure would require the assumption of some model 
for the step distribution. The energy dependence of the beam profile following cleaning just 
above 1250°C is shown in Fig. 2. The change in energy between successive in-phase conditions 
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Fig. 1. Angular profiles through the specular beam as a function of cleaning temperature. Profiles are measured 
at 880°C. Incident electron energy is 48 eV. Incident angle is 8". 

and the separation of the beams at the out-of-phase condition indicate a step height of 
approximately 3.1 A and an average step separation of 42 A. This is consistent with the nominal 
4k0.5" misorientation. Observations of the profiles below the temperature where the surface 
phase separates into regions of 7 X 7 reconstructed (1 11) facets and regions of high step density 
show similar effects: cleaning at 1250°C maximizes the step order. 

STM scans (at room temperature) for surfaces cleaned by annealing to 850°C and 1250°C are 
shown in Figs 3(a) and (b) respectively. Following annealing at 850°C the surface shows both 
smooth and extremely rough regions. In repeated scans over different parts of the surface, the 
relative area of the smooth region varied from as much as approximately 80% as in Fig. 3(a) to as 
little as 15%. Some, but not all, of the smooth regions show linear structures corresponding to 
steps. The surfaces annealed to 1250°C do not contain the type of extremely rough patches 
shown in Fig. 3(a). Instead, as shown in Fig. 3(b), the surfaces are smooth over large areas. 
Some regions contain features corresponding to a large density of steps of both single-layer (-3 
A) and multi-layer height. The features of larger height may actually be closely spaced single- 
layer steps not resolved in this low-resolution scan. Repeated scans over adjacent regions show 
that these stepped areas can be hundreds of nanometre! in width. Other regions (not shown in 
Fig. 3) of the surface, of similar size, show extremely low step density. These regions undoub- 
tedly correspond to the (1 11) facets known to be present at low temperature from the LEED 
measurements. 
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The differences in step-ordering between 850°C and 1250°C might be attributed to differ- 
ences in the rates of mass transport necessary for the steps to order on the newly cleaned surface. 
This may seem unlikely because at 850°C surface-self diffusion is rapid enough to allow the 
large-scale rearrangement (Phaneuf & Williams, 1988) involved in the phase separation. It is 
possible that the substantial sublimation of Si that occurs at 1250°C (Osakabe et al., 1980; 
Souchiere & Binh, 1986) greatly enhances step motion and thus step order. But there are also, 
however, differences in surface composition between these temperatures. Cleaning at 850°C 
leaves a small (5 1%) carbon level on the surface, detectable by AES. Increasing temperatures 
cause this carbon to react, forming silicon carbide (Newman, 1960). The carbide in turn 
sublimes above -1200°C leaving no detectable levels of carbon (Ishikawa et al., 1985). It is 
tempting to identify the rough regions of Fig. 3(a) with C-induced crystalline disorder. As these 
regions clearly inhibit step order, they might be responsible for the sensitivity of the step order 
to annealing history detected by LEED. 

Another criterion in determining the surface morphology is the cooling rate after annealing. 
Beam profiles measured for four different cooling rates are shown in Fig. 4. The surface was 
first briefly heated to 1250"C, followed by rapid cooling to approximately 900°C; subsequent 
cooling from 900°C was then set at rates of between 0*2"C/s and >100"C/s. These profiles, 
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Fig. 3. Sections from large area scans of vicinal Si( 11 1) surfaces cleaned in vacuum at two different temperatures. 
(a) 350x I00 A area scans, cleaning temperature 850°C; (b) 300x250 A area scan, cleaning temperature 1250°C.' 

which are measured below the phase-separation temperature, show additional features not seen 
in Fig. 1. The split beams have moved apart, indicating a closer step spacing, and a central peak 
corresponding to the (1 11) specular beam order has appeared (Phaneuf & Williams, 1987). In 
addition, one-seventh order beams due to the 7x 7 reconstruction are visible. These profiles are 
measured at an electron energy intermediate between an in-phase condition, at which a step 
satellite would be coincident with the unsplit specular beam, and an out-of-phase condition, at 
which two-step satellites would be equally displaced about the specular beam to allow resolu- 
tion of the step satellites from the specular and neighbouring seventh-order beams. Well- 
resolved step structure requires cooling at rates of 0-2"C/s or slower. Faster cooling rates cause 
the satellite beams due to the steps to broaden. At the fastest cooling rate (-12O"C/s initially 
from 900°C upon switching off the heater), the satellite beams have merged into the tail of the 
specular beam and the specular beam has broadened by approximately 20%. This indicates 
increased disorder of the surface. That this disorder is associated with the step distribution is 
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Fig. 4. Angular profile through specular beam position versus cooling rate. Cooling rates are indicated in the 
figure. For the top curve the heater was switched off with the sample temperature at 900aC, yielding an initial 
cooling rate of approximately 120°C/s, as measured with an infrared photometer. Incident energy is 42 eV, 
incident direction is 8". Profiles are measured at 420°C. 

indicated by the asymmetry of the broadening. At this intermediate-phase condition the shift in 
the centroid of the peak is in the same direction, with respect to the specular position, as the 
prominent step satellite. Similar profiles were observed on vicinal surfaces which had been 
quenched into the high-temperature step configuration using the output of a pulsed laser, and 
subsequently partially thermally annealed (Phaneuf & Williams, 1988). This quenched-in 
surface disorder is confirmed by STM images of the rapidly cooled surface as shown in Fig. 5. 
The surface contains large-scale corrugations of width 5-10 nm. The rms vertical amplitude of 
the surface is approximately 2 nm, as compared with 0.4 nm for the slowly cooled surface (Fig. 
3b). This surface was quenched from 1250°C; similar structure is observed on surfaces rapidly 
cooled from 850°C. 

CONCLUSIONS 
LEED beam profile measurements show that vicind Si(ll1) surfaces prepared by two 

methods, low temperature cleaning or rapid cooling from above the structural transition both 
contain poorly ordered step structure. However, STM measurements reveal that the nature of 
the disorder is quite different in the two cases. Low-temperature cleaning leaves regions of 
crystalline disorder which are possibly correlated with the presence of carbon. These disor- 
dered regions apparently restrict the ordering of the steps. Rapid cooling results in a wave-like 
surface structure quite different from simple expectations of kinetically limited step motion. 
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Fig. 5. Section from a large area scan of the vicinal Si( 11 1) surface prepared by annealing at 1250°C followed by 
rapid cooling. Area shown is 350x300 A. 

These results confirm the general observation that extraction of detailed atomic information 
from LEED profdes is fraught with problems of uniqueness (Telieps & Bauer, 1986; Williams 
et al., 1982). Clearly, the use of STM imaging can immediately provide qualitative information 
to guide interpretation of the LEED results. In the future more detailed STM measurements 
will allow the direct determination of stepstep correlation functions for comparison with 
models of LEED-beam profdes (Houston & Park, 1971; Pukite et al., 1985; Pimbley & Lu, 
1985) and statistical mechanical models of step wandering (Gruber & Mullins, 1967; Villain et 
al., 1985). Work is in progress on obtaining the higher resolution images needed for such 
analysis. 
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